Severe acute respiratory syndrome coronavirus (SARS-CoV) is the etiological agent of a respiratory disease that has a 10% mortality rate. We previously showed that SARS-CoV lacking the E gene (SARS-CoV-⌬E) is attenuated in several animal model systems. Here, we show that absence of the E protein resulted in reduced expression of proinflammatory cytokines, decreased numbers of neutrophils in lung infiltrates, diminished lung pathology, and increased mouse survival, suggesting that lung inflammation contributed to SARS-CoV virulence. Further, infection with SARS-CoV-⌬E resulted in decreased activation of
S evere acute respiratory syndrome (SARS), caused by a coronavirus (SARS-CoV), affected approximately 8,000 individuals during the 2002-2003 epidemic and had a mortality rate of 10% (1, 2) . SARS-CoV has not reappeared in humans since 2004, but SARS-like coronaviruses are present in bats circulating all over the world, making another SARS outbreak a possibility (3) (4) (5) (6) . Consistent with this prediction, a new coronavirus, Middle East respiratory syndrome coronavirus (MERS-CoV), emerged during the summer of 2012 in Saudi Arabia and is the etiological agent of severe pneumonia in patients from 10 Middle Eastern and European countries (7, 8) . As of 22 October 2013, a total of 139 confirmed cases were reported, with a 43% mortality rate (http://www .cdc.gov/coronavirus/mers/). This novel coronavirus is closely related to the two bat coronaviruses Bt-CoV-HKU4 and Bt-CoV-HKU5 (8) , suggesting that MERS-CoV, like SARS-CoV, originated from bats. MERS-CoV has probably been amplified in one or more intermediate hosts, including camels, and was then transmitted to humans (9) . The fact that zoonotic coronaviruses frequently cross species barriers to infect humans makes the generation of vaccines and the identification of antivirals important goals.
SARS-CoV is an enveloped, positive-sense RNA virus, with a genome of 29.7 kb (10) . The replicase is encoded within the 5= two-thirds of the genome and includes two overlapping open reading frames (ORFs), named ORF1a and ORF1b. Translation of these ORFs results in the expression of two polyproteins, pp1a and pp1ab, which are processed by two viral proteinases to yield 16 nonstructural proteins (nsps) (11) . These proteins participate in the replication of the viral genome and transcription of subgenomic messenger RNAs (sgmRNAs), which encode viral structural proteins (spike [S], envelope [E], membrane [M] , and nucleoprotein [N]) (11) . In addition, all coronaviruses encode a set of group-specific proteins whose sequence and number vary among the different coronavirus species (12) . In the case of SARS-CoV, the genes 3a, 3b, 6, 7a, 7b, 8a, 8b, and 9b encode groupspecific proteins (13) .
SARS-CoV E protein contains 76 amino acids and is composed of a short hydrophilic amino terminus followed by a hydrophobic region and a hydrophilic carboxy terminus (14) . The hydrophobic region forms at least one amphipathic ␣ helix that oligomerizes to form an ion-conductive pore in membranes (14) . The ion conductance and selectivity of this ion channel are influenced by the lipid charge of the membranes (15, 16) . The requirement for E protein in virus production varies among coronaviruses. Thus, E protein is essential for the generation of propagation-competent viruses in cells infected with transmissible gastroenteritis coronavirus (TGEV) or MERS-CoV (17) (18) (19) (20) but not for mouse hepatitis virus (MHV) or SARS-CoV (21) (22) (23) . SARS-CoV lacking E protein is attenuated in hamsters, transgenic mice expressing the SARS-CoV receptor human angiotensin converting enzyme 2 (hACE2), and BALB/c mice infected with a mouse-adapted SARS-CoV (21, 22, 24) . We also showed that SARS-CoV E protein reduced apoptosis and the stress response induced after SARS-CoV infection (25) .
Reduced survival in SARS is associated with male gender, age over 60 years, neutrophilia, and severe biochemical abnormalities, such as the upregulation of proinflammatory cytokines (26) (27) (28) (29) (30) . Several species of animals can be infected with SARS-CoV, but the model that best fits human SARS is infection of conventional mice with mouse-adapted SARS-CoVs (31) (32) (33) . This model reproduces many aspects of the human disease, such as rapid and high viral replication in lungs, viremia, dissemination of virus to extrapulmonary sites accompanied by lymphopenia and neutrophilia, pathological changes in the lungs, and lethality (31) (32) (33) . Further-more, the disease is more severe in aged mice, as occurs in humans (28, 34) .
The elevated cytokine/chemokine response in severe SARS reflects a dysregulated immune response. Activation of NF-B is a hallmark of most infections, including those caused by viruses, leading to protective and pathological responses. Accordingly, the role of NF-B as a potential therapeutic target in microbial diseases has been extensively studied (35) , and more than 700 NF-B inhibitors have been described (36) . SARS-CoV proteins nsp1, nsp3a, nsp7a, spike, and nucleocapsid promote NF-B activation, possibly contributing to SARS-CoV-induced pathogenesis (37) (38) (39) (40) (41) (42) . Aged macaques develop a more severe pathology than younger animals, with an increase in expression of genes associated with inflammation linked to a central role of NF-B and a reduction in expression of type I interferon (IFN-␤) (34) .
We studied the effect of deleting SARS-CoV E protein in inflammatory responses and pathogenesis in cell cultures and mice. A mouse-adapted SARS-CoV lacking E protein induced less lung pathology, mediated by decreased expression of inflammation mediators, lower numbers of neutrophils in lung infiltrates, and limited NF-B activation. Drugs that specifically inhibit NF-B signaling led to a reduction in inflammation and lung pathology and increased mouse survival after infection with SARS-CoV. These results indicated that NF-B activation is partly pathogenic in SARS and that NF-B inhibitors are promising antivirals for treatment of this infection and perhaps for other infections caused by human coronaviruses, such as MERS-CoV.
MATERIALS AND METHODS
Reagents. The NF-B inhibitors caffeic acid phenethyl ester (CAPE), resveratrol, Bay11-7082, and parthenolide were purchased from Tocris Biosciences, Sigma, Calbiochem, and Enzo Life Sciences, respectively.
Virus. The mouse-adapted MA15 viruses (32) , recombinant SARS-CoV-MA15 (rSARS-CoV-MA15) and rSARS-CoV-MA15-⌬E were rescued from infectious cDNA clones as previously described (21, 24) . All work with infectious viruses and infected animals was performed in biosafety level 3 (BSL3) facilities by personnel wearing positive-pressure airpurifying respirators (3M HEPA AirMate; 3M, St. Paul, MN).
Mice. Pathogen-free 8-week-old BALB/c Ola Hsd or BALB/c AnNCr female mice were obtained from Harlan (The Netherlands) or from the National Cancer Institute (Bethesda, MD, USA), respectively. BALB/c mice were infected at the age of 8 (AnNcr) or 16 weeks (Ola Hsd), with 6,000 PFU or 100,000 PFU, respectively. All protocols were approved by the University of Iowa Institutional Animal Care and Use Committee and by the Ethical Review Committee at the Centro de Investigación en Sanidad Animal of the Instituto Nacional de Investigaciones Agrarias (CISA-INIA). Infected mice were housed in a ventilated rack (animal transport unit-biocontainment unit [ATU-BCU], Allentown, Inc., Allentown, NJ).
Cells. African green monkey kidney-derived Vero E6 cells were kindly provided by Eric Snijder (Medical Center, University of Leiden, The Netherlands). Mouse delayed brain tumor (DBT) cells, expressing the SARS-CoV receptor mouse ACE2 (DBT-mACE2 cells), were generated in our laboratory as previously described (43) . In all cases, cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 25 mM HEPES and 10% fetal bovine serum (Biowhittaker). Virus titrations were performed in Vero E6 cells following standard procedures using closed flasks or plates sealed in plastic bags, as previously described (21) .
Clinical disease in BALB/c mice. Eight-week-old or 16-week-old mice were lightly anesthetized with isoflurane and inoculated intranasally with 6,000 or 100,000 PFU of rSARS-CoV-MA15 or rSARS-CoV-MA15-⌬E virus, respectively, in 50 l of DMEM. Infected mice were examined and weighed daily.
Histopathological examination of lungs from infected mice. Eight-
week-old or 16-week-old mice were infected as described above with 6,000 or 100,000 PFU, respectively, of rSARS-CoV-MA15 or rSARS-CoV-MA15-⌬E. Lungs were removed from mice at 2 and 4 days postinfection (dpi), fixed in zinc formalin, and processed as described previously (44) . For routine histology, sections were stained with hematoxylin and eosin.
Evaluation of pulmonary infiltrates by flow cytometry. Eight-weekold or 16-week-old mice were infected as above with 6,000 or 100,000 PFU, respectively, of virus. Lungs were removed from mice at 2, 4, and 6 dpi, and cells were prepared as previously described (45) . Macrophages were CD45 ϩ CD11b ϩ Ly6C ϩ Ly6G Ϫ . Neutrophils were CD45 ϩ CD11b ϩ Ly6C ϩ Ly6G ϩ . The following monoclonal antibodies were used: rat antimouse CD11b (M1/70), rat anti-mouse CD16/32 (2.4G2), rat anti-mouse Ly6G (1A8), and rat anti-mouse Ly6C (AL-21) all from BD Biosciences (San Diego, CA), and anti-mouse F4/80 (BM8) from eBioscience (San Diego, CA). For surface staining, 10 6 cells were blocked with 1 g of anti-CD16/32 antibody and 1% rat serum, stained with the CD11b-, Ly6G-, Ly6C-, and F4/80-specific antibodies, as indicated above, and then fixed using Cytofix Solution (BD Biosciences).
RNA analysis by RT-qPCR. Total RNA from DBT-mACE2 cells was extracted using an RNeasy Minikit (Qiagen). Mice were inoculated intranasally with 100,000 PFU of rSARS-CoV-MA15 or rSARS-CoV-MA15-⌬E in 50 l of DMEM. Lungs were removed from mice at 2 and 4 dpi and incubated in RNA Later (Ambion) at 4°C for 24 h, prior to being frozen at Ϫ80°C. Then, lungs were thawed and homogenized in RLT buffer (Qiagen) using a gentleMACS Dissociator (Miltenyi Biotec), and total RNA was extracted using an RNeasy Minikit (Qiagen). For quantitative reverse transcription-PCR (RT-qPCR) of cellular genes, cDNA was prepared using a High-Capacity cDNA transcription kit (Applied Biosystems), followed by PCR using TaqMan gene expression assays (Applied Biosystems) specific for murine genes (Table 1 ). Data were acquired with an ABI Prism 7000 sequence detection system (Applied Biosystems) and analyzed using ABI Prism 7000 SDS, version 1.0, software. Gene expression relative to mock-infected samples is shown.
Cytokine multiplex analysis. Lungs were homogenized, and nuclear, cytoplasmic, and extracellular proteins were extracted using a Nuclear Extract Kit (Active Motif, Carlsbad, CA). Supernatant proteins (cytoplasmic and extracellular proteins) were diluted 1:4 in assay diluent (Millipore) prior to analysis. The expression of CCL2/MCP-1, and CXCL10/ IP-10 was measured using Luminex technology and a mouse cytokine antibody bead kit (Milliplex map kit; Millipore) according to the manufacturer's instructions.
Luciferase assays. To analyze the induction of NF-B, nuclear factor of activated T cells (NF-AT), AP-1, and the cis-acting replication element (CRE), luciferase reporter assays were used in DBT-mACE2 cells (Cignal Reporter Assay Kits CCS-013L for NF-B, CCS-015L for NF-AT, CCS-011L for AP-1, and CCS-002L for CRE; Qiagen). To this end, plasmids encoding the firefly luciferase ORF under the control of the different promoters were cotransfected with a plasmid encoding the Renilla luciferase to normalize levels of transfection. Separately, a plasmid encoding a noninducible firefly luciferase reporter and the plasmid encoding the Renilla luciferase were cotransfected as negative controls. In addition, plasmids constitutively expressing green fluorescent protein (GFP), firefly luciferase, and Renilla luciferase were cotransfected as positive controls.
To analyze the activation of interferon regulatory factor 3 (IRF3) and IRF7, three plasmids were cotransfected: (i) the reporter plasmid p55UASGluc encoding the firefly luciferase gene under the control of the GAL4 upstream activation sequence (UAS); (ii) plasmid pGAL4DBD-IRF3 or pGAL4DBD-IRF7, encoding the IRF3 or IRF7 transactivation domains fused to the GAL4 DNA binding domain (DBD), kindly provided by T. Fujita (Kyoto University, Kyoto, Japan) (46) ; and (iii) the control plasmid pRL-SV40 (where SV40 is simian virus 40), encoding Renilla luciferase (Promega). Firefly and Renilla luciferase expression levels were monitored using a Dual Glo assay luciferase system (Promega) and a luminometer.
DBT-mACE2 cells were cotransfected with the plasmids, using a three-dimensional (3D) Nucleofector (Lonza) according to the manufacturer's instructions. Then, 24 h later, the cells were infected with rSARS-CoV-MA15-⌬E or rSARS-CoV-MA15 at a multiplicity of infection (MOI) of 0.05. Firefly and Renilla luciferase expression levels were measured at 48 h postinfection (hpi) and normalized to Renilla luciferase levels.
NF-B activity in tissue culture and in vivo. Cells were infected with the virus rSARS-CoV-MA15-⌬E or rSARS-CoV-MA15 at an MOI of 0.05 and collected at 48 hpi. Mice were infected intranasally as described above with 100,000 PFU of rSARS-CoV-MA15 or rSARS-CoV-MA15-⌬E virus in 50 l of DMEM or treated with DMEM alone. Lungs were removed from mice at 2 and 4 dpi and homogenized. Nuclear extracts from infected cells and homogenized lungs were obtained using a nuclear extraction kit as described above. NF-B DNA-binding activity in infected cells was measured using an enzyme-linked immunosorbent assay (ELISA)-based assay and a chemiluminescent kit (TransAM p65 Transcription Factor Assay kit; Active Motif). NF-B in lung nuclear extracts was analyzed by Western blotting using antibodies specific for NF-B (rabbit polyclonal antibody) (ab7970; Abcam) and histone H3 (rabbit polyclonal antibody) (39164; Active Motif). Bound antibodies were detected with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody and the Immobilon Western chemiluminescent substrate (Millipore), according to the manufacturer's recommendations. Densitometric analysis of NF-B and histone H3 bands from mock-, rSARS-CoV-MA15-, and rSARS-CoV-MA15-⌬E-infected mice was performed using Quantity One, version 4.5.1, software (Bio-Rad). In each case, the levels of NF-B were normalized to the levels of histone H3. Three different experiments and appropriate gel exposures were used in all cases with similar results. In addition, different exposures of the same experiment were analyzed to ensure that data obtained were within linear range.
NF-B inhibitor treatment of SARS-CoV-infected cells. DBT-mACE2 cells were infected at an MOI of 0.05 with rSARS-CoV-MA15-⌬E or rSARS-CoV-MA15. At 43 hpi, half of the culture medium was removed and replaced with medium containing CAPE (50 g/ml), resveratrol (40 g/ml), Bay11-7082 (40 M), or parthenolide (24 M). At 48 hpi, supernatants were collected, and total cellular RNA was extracted using an RNeasy Minikit (Qiagen). In parallel, cells were previously cotransfected with luciferase plasmids to measure NF-B activity, as described above.
NF-B inhibitor treatment of SARS-CoV-infected BALB/c mice.
Sixteen-week-old mice were infected with 100,000 PFU of rSARS-CoV-MA15 as described above. At 4 hpi and every 24 h thereafter, from days 1 to 4, mice were treated intraperitoneally with the NF-B inhibitors CAPE and parthenolide at 20 mg/kg of body weight/day, either alone or in combination or with vehicle (phosphate-buffered saline [PBS] containing 1.2% dimethyl sulfoxide [DMSO] and 2.5% Tween 20) . Survival was analyzed in three independent experiments, with six mice per group. In addition, three mice per group were sacrificed at day 4 postinfection (p.i.), and lungs were collected to evaluate the expression of cytokines by RT-qPCR and to determine viral titers. To evaluate virus titers, right lungs were homogenized in phosphate-buffered saline (PBS) containing 100 UI/ml penicillin, 0.1 mg/ml streptomycin, 50 g/ml gentamicin, and 0.5 g/ml amphotericin B (Fungizone), using a gentleMACS Dissociator (Miltenyi Biotec). Virus titrations were performed in Vero E6 cells according to standard procedures using closed flasks or plates sealed in plastic bags, as previously described (21) .
RESULTS

Pathology induced by rSARS-CoV-MA15-⌬E in BALB/c mice.
We previously showed that mouse-adapted rSARS-CoV-MA15-⌬E is attenuated in young (6 weeks old) and aged (12 and 18 months old) BALB/c mice, leading to no significant weight losses and no mortality (24) . To identify mechanisms leading to rSARS-CoV-MA15-⌬E attenuation, pulmonary pathology associated with rSARS-CoV-MA15 and rSARS-CoV-MA15-⌬E infection was evaluated in 8-week-old mice intranasally infected with 6,000 PFU, the dose used for immunization in our previous studies (24) . Infection of BALB/c mice with rSARS-CoV-MA15 caused intense lung inflammation, characterized by peribronchiolar and interstitial inflammatory infiltrates at 4 and 6 dpi ( Fig. 1) . In contrast, lung infiltrates were reduced in mice infected with rSARS-CoV-MA15-⌬E ( Fig. 1 ), suggesting that the presence of E protein, either by a direct or an indirect effect, contributed to induce a robust inflammatory immune response. Similar results in terms of weight loss, virus titer, and pathology were obtained with 8-and 16-week-old mice infected with 6,000 and 100,000 PFU, respectively. The dose of 100,000 PFU of rSARS-CoV-MA15 was lethal in 16-week-old mice and was used in most of the experiments described below. Quantification of total lung leukocytes, macrophages, and neutrophils indicated that the total number of leukocytes and neutrophils was reduced in mice infected with either dose of rSARS-CoV-MA15-⌬E at 2, 4, and 6 dpi (Fig. 2) , whereas the total number and percentage of macrophages were increased compared to amounts in mice infected with the corresponding dose of rSARS-CoV-MA15 (Fig. 2 , shown for 6,000 PFU). Furthermore, the percentage of lung neutrophils was also decreased in rSARS-CoV-MA15-⌬E-infected mice. These results indicated that the presence of E protein led to a specific increase in neutrophil influx.
A property of the E protein is that it is involved in virus assembly, and we previously showed that rSARS-CoV-⌬E grew to lower titers in tissue culture cells than rSARS-CoV, reflecting this role.
To determine whether rSARS-CoV-MA15-⌬E grew to lower titers in mice, 16-week-old BALB/c mice were infected with 100,000 PFU of rSARS-CoV-MA15-⌬E and rSARS-CoV-MA15, and virus titers in lungs were determined at 2 and 4 dpi. Titers were 1 ϫ 10 6 PFU/g of tissue and 4 ϫ 10 7 PFU/g at day 2 and 1 ϫ 10 6 PFU/g and 3 ϫ 10 7 PFU/g at day 4 for rSARS-CoV-MA15-⌬E and rSARS-CoV-MA15, respectively, confirming that rSARS-CoV-MA15-⌬E replicated less robustly in mice.
Proinflammatory response induced by rSARS-CoV-MA15-⌬E in BALB/c mice. To determine whether the limited inflammation induced by rSARS-CoV-MA15-⌬E was associated with a reduction in proinflammatory cytokines and with a decreased clinical disease and mortality, mice were infected with rSARS-CoV-MA15 or rSARS-CoV-MA15-⌬E. Weight loss and survival were evaluated daily (Fig. 3A) . As expected, whereas mice infected with rSARS-CoV-MA15-⌬E did not significantly lose weight and all of them survived, mice infected with wild-type rSARS-CoV-MA15 started to lose weight at day 2 p.i., and 80% of the mice died by day 6 (Fig. 3A) . RNA and protein were extracted from lung samples at days 2 and 4 p.i. to measure proinflammatory cytokine mRNA levels. In rSARS-CoV-MA15-infected mice, the expression of tumor necrosis factor (TNF), CCL2/MCP-1, CCL5/RANTES, CXCL1/neutrophil activating protein-3 (NAP-3), CXCL2/MIP-2, CXCL10/IP-10, and interleukin-6 (IL-6) was clearly induced, particularly at 2 dpi, to higher levels than in mice infected with rSARS-CoV-MA15-⌬E (Fig. 3B ). In fact, the induction of proinflammatory cytokines was up to 70-fold higher in mice infected with rSARS-CoV-MA15 than in those infected with the deletion mutant lacking E protein (Fig. 3B) . As a control, expression levels of the gene encoding the 18S rRNA did not change in mock-, rSARS-CoV-MA15-⌬E-, and rSARS-CoV-MA15-infected mice (Fig. 3B) . To evaluate whether the differential induction of cytokine mRNAs in rSARS-CoV-MA15-⌬E-and rSARS-CoV-MA15-infected mice correlated with protein levels, CCL2 and CXCL10 protein levels were determined in the lungs of control and infected mice. In agreement with the results shown in Fig.  3 , CCL2 and CXCL10 protein levels were also increased in rSARS-CoV-MA15-infected mice compared to those in mice infected with rSARS-CoV-MA15-⌬E ( Fig. 4) .
Proinflammatory cytokines induced by rSARS-CoV-MA15-⌬E in cell culture. To analyze whether rSARS-CoV-MA15-⌬E also induced a decreased proinflammatory response in cultured cells, mouse DBT-mACE2 cells (43) were infected with rSARS-CoV-MA15-⌬E and rSARS-CoV-MA15 at MOIs of 0.5 and 0.05. The expression of the proinflammatory cytokines CCL2, CXCL1, and CXCL2 was evaluated by RT-qPCR at 24, 48, and 72 hpi (Fig. 5A) . rSARS-CoV-MA15 virus induced the expression of higher levels of proinflammatory cytokines, particularly at 48 hpi (MOI of 0.5) and 48 to 72 hpi (MOI of 0.05) than the E deletion mutant. Therefore, similarly to the expression in mice lungs, rSARS-CoV- MA15-⌬E also induced a decreased proinflammatory response compared to that of rSARS-CoV-MA15 in infected cells (Fig. 5A ). To analyze whether rSARS-CoV-MA15-⌬E growth in mouse DBT-mACE2 cells was compromised, virus titers in rSARS-CoV-MA15-⌬E-and wild-type rSARS-CoV-MA15-infected cell supernatants were compared (Fig. 5B ). rSARS-CoV-MA15-⌬E grew to lower titers (from 15-to 600-fold lower than those observed for wild-type rSARS-CoV-MA15 at 24, 48, and 72 hpi), as happens in mice (Fig. 5B) .
rSARS-CoV-MA15 induced the activation of proinflammatory transcription factors. The most important signal transduction pathways activated by viruses leading to the expression of proinflammatory cytokines are mediated by transcription factors IRF3, IRF7, CRE, AP-1, NF-B, and NF-AT. To analyze the mechanism by which rSARS-CoV-MA15-⌬E induced a limited proinflammatory response, DBT-mACE2 cells (43) were cotransfected with plasmids expressing the firefly luciferase under the control of each of these transcription factors and with a plasmid expressing the Renilla luciferase. Cells were then mock infected or infected with rSARS-CoV-MA15-⌬E or rSARS-CoV-MA15. Firefly luciferase levels were measured at 48 h postinfection ( Fig. 6A ) and normalized to those of Renilla luciferase. Transcription factors IRF3 and NF-B were activated in rSARS-CoV-MA15-infected cells compared to levels in mock-infected cells. Interestingly, the activation of NF-B was significantly higher (3-fold) in rSARS-CoV-MA15-infected cells than in rSARS-CoV-MA15-⌬E-infected cells, whereas IRF3 was not differentially activated (Fig.  6A ). We confirmed this finding by measuring nuclear levels of NF-B using an ELISA. The levels of p65 were measured as p50-p65 heterodimers, which are in general the most abundant forms of NF-B (47) . NF-B was activated to higher levels in rSARS-CoV-MA15-infected cells than in rSARS-CoV-MA15-⌬E-infected cells (Fig. 6B ). Virus titers at the time point the experiment was analyzed were 6 ϫ 10 5 PFU/ml and 4 ϫ 10 7 PFU/ml for rSARS-CoV-MA15-⌬E and wild-type rSARS-CoV-MA15 virus in cell culture supernatants, respectively. These data suggested that transcription factors IRF3 and NF-B were responsible for the greater inflammation observed in infected cells and mice, with NF-B being more important in the increased inflammation observed after rSARS-CoV-MA15 infection.
NF-B activation in the lungs of rSARS-CoV-infected mice.
To determine whether NF-B was also differentially activated in the lungs of rSARS-CoV-MA15-⌬E-and rSARS-CoV-MA15-infected mice, 16-week-old mice were infected with these viruses using 100,000 PFU and analyzed for NF-B expression by Western blotting using a p65-specific antibody, as described in Materials and Methods. Levels of NF-B increased about 4-fold in rSARS-CoV-MA15-infected lungs compared to mock-infected ones at day 2 p.i. (Fig. 7) , with levels up to 3.1-fold higher in rSARS-CoV-MA15-infected lungs than in rSARS-CoV-MA15-⌬E-infected lungs (Fig. 7) , consistent with the results observed in infected cells.
Effect of NF-B on rSARS-CoV-induced inflammation. The results described above suggest that NF-B is key in the differential development of inflammation in cells and in mice infected with rSARS-CoV-MA15 and rSARS-CoV-MA15-⌬E. However, virus replication was diminished by the absence of E protein in both cells and mice, possibly confounding interpretation. To address directly the role of NF-B in inflammation, we treated rSARS-CoV-MA15-infected cells with four NF-B inhibitors, CAPE, resveratrol, Bay11-7082, and parthenolide (48) (49) (50) (51) . Four inhibitors were used to minimize the likelihood of off-target effects. NF-B activity decreased in both mock-and rSARS-CoV-MA15-infected cells treated with the four NF-B inhibitors compared to activity in nontreated cells (Fig. 8A) . Interestingly, none of these inhibitors affected virus titers (Fig. 8B) , indicating that the treatment with the inhibitors did not compromise the cell viability and that the effect observed was due to a decrease in NF-B activation and was not simply due to a significant inhibition of viral replication by the NF-B inhibitors. The expression levels of TNF, CCL2, and CXCL2, which were upregulated during SARS-CoV infection and which are induced by NF-B (52), were clearly decreased (from 2-to 5-fold) in rSARS-CoV-MA15-infected cells treated with the NF-B inhibitors (Fig. 8C) . These data indicated that NF-B activation induces the expression of inflammatory cytokines after SARS-CoV infection.
Effect of NF-B inhibitors on the survival of rSARS-CoV-MA15-infected mice.
To determine whether NF-B inhibitors increased survival after SARS-CoV infection, rSARS-CoV-MA15and mock-infected mice were treated intraperitoneally with CAPE, parthenolide, or both. All mock-infected BALB/c mice treated with inhibitors showed no signs of clinical disease or weight loss and no mortality (data not shown). Of rSARS-CoV-MA15-infected mice, 16.7% survived, whereas 44.4 and 33.3% of CAPE-and parthenolide-treated mice survived, respectively ( Fig.  9 ). Interestingly, in the case of mice simultaneously administered both NF-B inhibitors, survival increased to 55.6%, suggesting complementary effects of the drugs.
Effect of NF-B inhibitors on rSARS-CoV-induced inflammation in mice. To analyze whether treatment with NF-B inhibitors reduced the expression of proinflammatory cytokines in mouse lungs, as was observed in tissue culture cells, total lung RNA from nontreated or treated mice was extracted, and expression of TNF, CCL2, CXCL2, and a control RNA (18S rRNA) was evaluated by RT-qPCR. Levels of the three cytokine mRNAs were significantly reduced (from 2.2-to 4.5-fold) in all groups of mice treated with the different drugs compared to levels in nontreated mice. As a control, the expression of the 18S rRNA did not change in nontreated and drug-treated mice (Fig. 10A ). Virus titers in lung homogenates were similar in both untreated and treated animals ( Fig. 10B ), suggesting that the reduction of proinflammatory cytokines after treatment with NF-B inhibitors was not a consequence of reduced virus replication. To evaluate whether NF-B inhibitors reduced lung pathology induced after SARS- week-old mice were intranasally infected with 100,000 PFU of rSARS-CoV-MA15 or mock infected. At 4 hpi and every 24 h from days 1 to 4, mock-infected and wild-type (wt)-infected mice were intraperitoneally injected with CAPE (wt, ϩC), parthenolide (wt, ϩP), both CAPE and parthenolide (wt, ϩC ϩP), or vehicle (wt, Ϫ). Animals were monitored daily for mortality. Data are representative of three independent experiments, comprising 6 mice per experiment and group (data for treated mock-infected mice are not shown). Differences in survival between nontreated mice and mice treated with CAPE, parthenolide, and CAPE plus parthenolide were statistically significant (P Ͻ 0.02). CoV infection, lung sections were analyzed (Fig. 11) . In nontreated infected mice, inflammatory infiltrates and lung edema were clearly observed. Interestingly, pulmonary pathology was clearly lower in infected mice treated with each of the NF-B inhibitors. Furthermore, higher reduction of pathology was observed in the mice treated with both inhibitors at the same time (Fig. 11) . These results indicated that NF-B inhibitors also reduced the expression of proinflammatory cytokines and lung pathology in vivo, suggesting that they may be useful for SARS therapy. (21, 22, 24) . Here, we showed that rSARS-CoV-MA15-⌬E induced less inflammation in lungs than rSARS-CoV-MA15. This decrease in inflammation correlated with decreased expression of proinflammatory mediators, such as cytokines and chemokines, with lower numbers of neutrophils in infected lungs and with a reduction in NF-B activation. Some of the decreased inflammation observed in rSARS-CoV-MA15-⌬E-infected mice may have resulted from a reduction of virus titers after mouse infection by rSARS-CoV-MA15-⌬E compared to rSARS-CoV-MA15.
DISCUSSION
SARS-CoV lacking E gene is attenuated
At the same time, an alternative explanation has been proposed as complementary results also suggested that E protein contributed to the extent of the inflammatory response, independently of its role in virus replication. For instance, rSARS-CoV-⌬E grew to lower titers than rSARS-CoV, but, in spite of this, it induced an increased stress response and apoptosis (25) . In addition, we have shown that virus titers in the lungs of mice infected with recombinant SARS-CoVs with point mutations or small deletions in the E protein were the same as in mice infected with rSARS-CoV-MA15. However, these viruses induced limited pathological changes and were attenuated (J. L. Nieto-Torres, J. M. Jimenez- Guardeño, J. A. Regla-Nava, M. L. DeDiego, and L. Enjuanes, unpublished results). Furthermore, SARS-CoV E protein is a viroporin with ion channel activity (15, 53) , and we showed that SARS-CoV in which this activity was abrogated lost its virulence without reductions in virus titer, again indicating that an intrinsic property of E protein is responsible for virus virulence and that changes in virus titer were not necessary for increased attenuation (54) . Similar results have been reported for other respiratory viruses expressing active viroporins, such as M2 and PB1-F2 of influenza virus, SH of Rous sarcoma virus (RSV), and 2B of rhinovirus. Inflammasome activation was observed in cells infected by these viruses when the viroporin displayed ion channel activity but not in its absence (55) (56) (57) . Also, expression of E protein from porcine reproductive and respiratory syndrome virus (PRRSV), in the absence of virus infection, altered ion concentrations within the cell, leading to inflammasome activation, indicating that the viroporin itself was responsible for the activation (58) . More importantly, when mice were infected with influenza viruses in which the ion channel activity of PB1-F2 protein was intact or abrogated, virus titers were similar, and a virulent or attenuated phenotype was observed, respectively (59) . Overall, the data indicate that the intrinsic activities of these viroporins may also be responsible for virus virulence.
After infection of mice with rSARS-CoV-MA15, increases in the expression of the inflammatory cytokine TNF, of chemokines CCL2, CCL5, CXCL1, CXCL2, and CXCL10, and of IL-6 and in the migration of neutrophils to infected lungs were observed compared to levels in rSARS-CoV-MA15-⌬E-infected mice. In the lungs of human patients with fatal SARS, elevated levels of IL-6 and of chemokines such as CCL2 and CXCL10 were also detected (60) (61) (62) . Similarly, during influenza virus and RSV infections, increased numbers of neutrophils in the lungs contributed to worse outcomes (63) (64) (65) (66) (67) . Neutrophil-mediated inflammation also contributes to bronchiolitis after RSV infection, and antioxidant treatment, which reduced neutrophil influx to the lungs and proinflammatory cytokine expression, also reduced clinical illness in RSV-infected mice (68) . The increase in neutrophil influx in rSARS-CoV-MA15-infected mice compared to that in mice infected with rSARS-CoV-MA15-⌬E was not associated with elevated numbers of macrophages, suggesting that the neutrophil increase was cell type specific.
NF-B was differentially activated following rSARS-CoV-MA15-⌬E and rSARS-CoV-MA15 infection in cell cultures and in vivo. This transcription factor regulated the expression of proinflammatory mediators such as TNF, CCL2, and CXCL2 after SARS-CoV infection. Administration of two inhibitors of NF-B, CAPE and parthenolide, increased mouse survival after infection and was associated with reduced expression of proinflammatory cytokines in the lungs. These drugs showed complementary effects as treatment with both of them increased survival to a higher extent than treatment with either one alone. Therefore, NF-B inhibitors may be useful antivirals in SARS therapy. Similarly, NF-B inhibitors may be effective as antivirals against influenza virus (69-71) and RSV (72) .
NF-B is activated following signaling events leading to activation of mitogen-activated protein kinase kinase kinases (MAP3Ks), which activate IKK␣ and -␤, leading to IB phosphorylation. Phosphorylated IB is degraded through the ubiquitin-dependent 26S proteasome pathway. Degradation of IB unmasks the nuclear NF-B-mediated transcription. In addition to the inhibitors used in this study, other inhibitors of the signaling pathway leading to NF-B activation could be considered to treat SARS patients. For example, inhibitors that (i) block the binding of cytokines to their receptors, such as anti-TNF antibodies, (ii) inhibit IKK activation and function, (iii) interfere with IB degradation, such as ubiquitination and proteasome inhibitors, and (iv) impede nuclear translocation, DNA binding, and transcriptional activation of NF-B (reviewed in references 35 and 36) could be assessed. In addition to NF-B, IRF3 was also activated in SARS-CoV-infected cells and most probably in vivo. As this transcription factor is also implicated in the upregulation of proinflammatory cytokines after infection (73) , IRF3 inhibitors could also be evaluated in SARS-CoV-infected mice. One advantage of antivirals that target cellular protein activity rather than that of viral proteins is that their effect is not likely to be negated by mutations in the virus genome.
In summary, we identify promising antivirals for SARS-CoV therapy by applying basic knowledge of the signaling pathways altered during infection by this virus. This strategy complements the development of candidate vaccines previously reported by our group (24, 74, 75) . The next step will be to confirm the efficacy and absence of side effects in other animal models, such as macaques, which are closer to humans.
